We report the results of a five year survey of FRAXA and FRAXE mutations among boys aged 5 to 18 with special educational needs (SEN) related to learning disability. We tested their mothers using the X chromosome not transmitted to the son as a control chromosome, and the X chromosome inherited by the son to provide information on stability of transmission. In 1991 when the gene for fragile X was cloned, 1 2 the prevalence of fragile X was accepted as approximately 1 in 1000 to 1 in 2600.
In 1991 when the gene for fragile X was cloned, 1 2 the prevalence of fragile X was accepted as approximately 1 in 1000 to 1 in 2600. 3 4 The frequency was based on population studies completed in the 1980s, when only a cytogenetic test was available for the diagnosis of fragile X. Following the discovery of the gene, some laboratories retested their families diagnosed as fragile X +ve and found a proportion of false positives. This was because (1) the test did not discriminate between FRAXA and other fragile sites in Xq27-28, and (2) a number of laboratories scored people as fragile X positive on the basis of a very small number of cells that appeared to have a fragile site, without having any suitable control data. 5 6 Prompted by the discovery of the FMR1 gene, and before the present project, we carried out a pilot study 7 using the Southern blotting method of FRAXA detection on blood samples. Following the pilot study, we initiated a five year research programme to test boys with special educational needs (SEN) for FRAXA and FRAXE. FRAXE was at that time a newly identified fragile site, 8 shown to be the result of a polymorphic GCC repeat ∼600 kb distal to FRAXA, which appeared to have a similar expansion profile to FRAXA but was associated with a milder form of mental retardation. 9 We published preliminary results after the first two years of the study, 10 which detailed the aims of our research programme and some of our methodology. The purpose of the current paper is to report (1) the prevalence of FRAXA and FRAXE mutations in the total study population together with an estimate of the population frequency of full and premutations in both genes; (2) the distribution of allele sizes in the study population and in the control X chromosomes, with special reference to intermediate and premutation sized alleles; (3) the stability of transmission of repeat sizes from mother to son; (4) the segregation of X chromosomes among brothers in our population; and (5) the prevalence of boys with a 47,XXY constitution detected in our population.
Methods

THE PROTOCOL
Our study was designed to test boys aged 5 to 18 years attending state schools in Wessex, a region in southern England with a population of approximately 2.3 million (table 1). The boys were selected for testing on two criteria: (1) they had SEN which were related to cognitive deficiencies with no medical diagnosis; (2) the parent/guardian was well aware that their child had SEN. The mothers of boys tested were invited to provide DNA samples to enable observation of triplet repeat stability in transmission and to use the X chromosome not transmitted to the son as our control. The samples collected were buccal cells obtained from mouth brushes. The community paediatricians or teachers in charge of special education selected the boys suitable for testing and the boys were only tested with parental/ guardian permission.
We contacted all schools in the state system; these ranged from special schools which only catered for children with SEN to regular schools. Because we were also testing for FRAXE mutations of which little is known except that they are associated with a mild phenotype, 11 12 we designed our survey to be inclusive rather than exclusive; thus, our target population ranged from boys with severe mental retardation to boys in the normal IQ range who needed extra help in some areas of learning.
Each sample was tested for FRAXA, FRAXE, and five flanking polymorphisms (DXS548, CA1, CA2, DXS1691, and DXS6687) and the number of trinucleotide repeats was divided into five classes (tables 2 and 3). If the boy or the mother or both had a result outside the common range an appointment was made to visit the family, a pedigree taken, and other family members identified who might have inherited the chromosome of interest. Samples were then requested from the relevant relatives. For clinical purposes, we treated any unmethylated allele with >50 repeats at FRAXA and >40 repeats at FRAXE as a premutation and families with results in the full or premutation range were seen by our clinical geneticist (NRD) who, as well as obtaining a family history and blood samples, carried out any necessary counselling. When a pre-or full mutation at FRAXA or E was confirmed, the family became part of our normal diagnostic service. During the course of our survey, we found a number of boys whose results suggested that they had two X chromosomes. These boys with suspected Klinefelter syndrome were all seen by our clinical geneticist and a blood sample obtained for cytogenetic confirmation.
LABORATORY METHODS
DNA was extracted and initial PCR reactions were carried out using fluorescently labelled oligonucleotide primers as previously described. 10 Owing to ineYcient amplification of larger FRAXA and FRAXE alleles with fluorescent primers, a conventional 32 P labelled PCR was occasionally required, particularly for females who appeared homozygous. 7 8 Females who had a single allele of 29, 30, or 31 repeats for FRAXA or 15, 16, or 18 for FRAXE were assumed to be homozygous. These repeat numbers are common, with an expected homozygosity frequency of greater than 1%. A proportion of females assumed to be homozygous for common alleles were investigated further to ensure that expansions on the control chromosomes had not been missed. DNA was reamplified with unlabelled primers, separated on a denaturing polyacrylamide gel, and electroblotted to Zetaprobe membrane. Membranes were hybridised with a 32 P labelled CGG 5 oligonucleotide probe, washed, and exposed to x ray film. 13 Sixty five percent of FRAXA homozygotes for 29, 30, or 31 repeats and 17% of FRAXE homozygotes for 15, 16, and 18 repeats selected at random were tested in this way. Females with a single allele other than these common ones were asked to provide a blood sample and a Southern blot was performed. DNA (0.5 µg) was double digested with either EcoRI and BstZI (methylation sensitive) for the FRAXA protocol or HindIII and NotI (methylation sensitive) for FRAXE. Gels were Southern blotted and hybridised with 32 P labelled probes, StB12.3 for FRAXA, 14 or OxE20 for FRAXE. 8 Southern blotting was also carried out on males for whom we failed to obtain a PCR result for FRAXA or FRAXE and on boys with a repeat number greater than 50 for FRAXA, to check for mosaicism of a larger expansion.
Results
STUDY POPULATION
Details of the total study population are given in table 1. There are 809 state schools in our area and 527 participated. We held clinics in 360 schools while 167 had no boys suitable for testing. Of the 282 non-participating schools, 42 declined to join the survey and 240 did not reply. There was a total of 135 798 boys aged 5 to 18 in the 809 eligible schools, while in the 527 schools which participated there were 82 294 boys in the appropriate age range. The test was oVered to 5451 boys of whom 3738 were tested, an uptake of 69%. Of the 1713 boys not tested, 175 refused, 37 letters were returned, 68 agreed to testing but were absent on clinic day, and 1433 did not reply to either the original or the follow up letter. We received 2968 samples from mothers of the boys tested, an uptake of 79%. A further 244 mothers agreed to give samples but failed to return the sample pack. The remaining 527 mothers either refused or were not available for testing.
Among the 809 eligible schools, 50 were special schools in which all the pupils had either moderate learning diYculties (MLD), severe learning diYculties (SLD), physical difficulties (PD), or emotional and behavioural disorders (EBD). One third of the boys tested in this survey attended special schools (table 1) and the remaining two thirds attended regular state schools. Forty nine of the special schools participated and we held clinics in 46. Of those not visited, three had no boys suitable for testing (two schools for EBD boys and one for boys with PD) and one school (MLD) did not reply. The high uptake among the special schools is presumably a reflection of a perception that there is more likely to be a medical explanation for the learning diYculties associated with pupils at the lower end of the academic scale.
PREVALENCE OF FULL AND PREMUTATIONS
In the study population Alleles for FRAXA and FRAXE were divided into five classes: minimal, common, intermediate, premutation, and full mutation (tables 2 and 3) based on size and methylation status. As can be seen from table 2 we found 20 full FRAXA mutations and two premutations with repeat numbers over 60 among the tested boys, and of these 17 full mutations and one premutation were already known to us through the diagnostic service. Among the 20 full mutations, five were mosaics, and of these, two were methylation mosaics while three had both preand full mutation sized alleles. Among the mothers' control chromosomes we observed no full mutations and one premutation. All the full mutations were found in boys attending special schools. As can be seen from table 3, we found a single full FRAXE mutation and two premutations among the tested boys and of these the full mutation was already known to us through the diagnostic service and was attending a special school. No full or premutation sized alleles were found among the mothers' control chromosomes. When a boy, already known to us as having a FRAXA or FRAXE mutation, appeared on a school list for testing, we did not contact the boy or his family again, but included him on our list of tested subjects. Clearly this may have inflated the number of full mutations in our tested population as a proportion of these subjects might have refused to be tested had we approached them in the absence of a diagnosis. However, we have attempted to allow for this possible source of bias when calculating the population frequency of full FRAXA and FRAXE mutations.
The failure rate of tested samples from the boys was 0.16% (six boys) at FRAXA and 0.2% (seven boys) at FRAXE (tables 2 and 3). Of the six boys for whom we failed to obtain a result at FRAXA, the mothers of three were heterozygous for two common alleles and in two out of the three remaining cases the DNA failed for all tested loci. Therefore, for five boys the most likely explanation for failure was insuYcient or degraded DNA. We are concerned about the one remaining case, for whom the FRAXA result is unresolved, because we obtained results for all markers except FRAXA. Therefore, he could be either a pre-or full mutation that we did not detect using PCR methods. However, we have been unable to obtain a repeat sample from this boy. For the seven boys who failed at FRAXE, we obtained heterozygous results in the normal range for five mothers and the two remaining cases failed for all markers, so the most likely explanation for failure in all seven cases is technical. The failure rate for the mothers was 1.2% at FRAXA and 1.1% at FRAXE. The higher failure rate among the mothers was probably because they took their own samples, whereas the samples from boys were obtained by an experienced genetic nurse.
In the total population There were three groups of boys in the population who were not tested, and who were at different risks of having a full mutation: (1) eligible boys in special schools, (2) If we assume that premutation sized alleles have no phenotypic eVect with respect to intellectual performance, the frequency in the studied population, both boys and the mothers' control chromosome, is the population prevalence. We tested a total of 6664 chromosomes for FRAXA and found three to have a premutation with between 61 and 200 repeats, a frequency of 1 in 2221. However, if under a less stringent model we regard alleles of 51 to 200 repeats as premutations, the frequency becomes 1 in 208. As the definition of a premutation is arbitrary, it is not possible to determine its population prevalence with accuracy. If we assume that premutation and intermediate alleles have a deleterious eVect on intelligence (see below), the prevalence is given by the control chromosomes alone, namely 1 in 2932 for alleles over 60 and 1 in 418 for alleles greater than 50.
Similarly for FRAXE, we tested a total of 6667 chromosomes and found two to have a premutation with repeat size over 60, a 
FREQUENCY OF INTERMEDIATE ALLELES
The distribution of allele sizes is given in tables 2 and 3. When we analysed our data after the first two years of the study we were surprised to find a significant excess of intermediate and premutation sized alleles for both FRAXA and FRAXE among the boys by comparison with the controls. 10 We have now analysed the frequency of intermediate alleles for FRAXA and FRAXE in the whole population. For this analysis, all XXY boys and their mothers, as well as one XXX mother, were removed from the samples.
If we treat our study population as two separate cohorts, the first two years when we initially found the unexpected result 10 compared to the final three years which can be regarded as an independent population, we see from table 4 that the excess of intermediate and premutation alleles is significant in both cohorts for FRAXA, lending independent evidence to the hypothesis that intermediate and premutation alleles have an eVect on intellectual ability. For FRAXE, the result is inconclusive as significance for the second sample has diminished. However, the pooled data remain significant. The excess of intermediates for FRAXA was similar in the whole study population and in the special schools subpopulation, suggesting that the eVect of intermediate alleles is apparent across a wide range of learning diYculties. STABILITY We tested 2932 mother to boy transmissions and found only eight changes in transmission in the common and intermediate range, five at FRAXA and three at FRAXE (table 5) . In every case the haplotype was known from family studies. We have also considered the transmissions from premutations. There were 16 for FRAXA (table 5), the remaining six cases being from mothers with a full mutation. At FRAXE there were two transmissions from mothers with premutations, and none from full mutations.
BROTHERS
Among the survey boys, we tested 160 pairs of brothers for whom we had maternal data, which included 15 pairs of twins. All twins were excluded except for two sets who were identical for all loci tested and had a brother; these twins versus the singleton brother were counted as one pair. This resulted in 147 sib pairs eligible for analysis. Each pair was examined in order to determine if among these brothers with SEN there was a tendency to inherit the same maternal haplotype as defined by the tested polymorphic markers detailed in the Methods section. However, no significant tendency was seen, as 80 pairs of brothers inherited the same maternal haplotype and 67 pairs inherited different maternal haplotypes for the six loci tested ( 2 =1.15). These results suggest there is not a gene closely linked to the Xq27.3 region which contributes significantly to the special educational needs of the brothers in our population.
KLINEFELTER SYNDROME During the survey we diagnosed 15 boys, including one pair of twins, who had two alle- les at a number of the X loci we tested. In every case a blood sample was obtained and a 47,XXY karyotype found on standard cytogenetic investigation. Six of the boys had inherited both maternal alleles suggesting a maternal origin for both X chromosomes, while seven, including the twins, had inherited one maternal allele and at some loci an allele that was not present in the mother, so must be paternal in origin. In two patients there was no maternal sample available, so the origin of the additional X is not known. Klinefelter syndrome is present in 1 in 1000 newborn males and is associated with phenotypic abnormalities including a reduction in mean IQ. 16 As a result it is found with increased frequency among males with mental impairment, although its frequency in a population of boys with SEN is not known. We detected 15 cases in the 3738 boys studied (0.4%), but our methodology is likely to detect only a proportion of 47,XXY males. It is known that approximately 50% are of maternal and 50% of paternal origin. 17 We tested six highly polymorphic loci in Xq27-28 and so should have detected most of the paternal cases. We are likely to have missed the Klinefelter cases who are homozygous for the markers tested, either as a result of a maternal meiotic nondisjunctional error associated with recombination or a postzygotic mitotic error. Crawford et al, 18 in a similar survey, detected seven 47,XXY males among 1979 tested (0.35%), a frequency very similar to that seen by us. In contrast to our observation of only three previously undiagnosed full FRAXA mutations and no previously undiagnosed FRAXE mutations among the 3738 boys tested, 13 of the 15 with Klinefelter syndrome were previously undiagnosed. While we are only likely to have detected a proportion of such cases, it was a somewhat unexpected bonus, as it provided an explanation for the SEN in these boys.
Discussion
Since the introduction of a molecular technique for the diagnosis of FRAXA expansions, there have been a number of studies aimed at determining the incidence of full mutations in the population. The great majority of these were based on surveys of mentally retarded males and subsequent extrapolation to give a population incidence of FRAXA full mutations. Most are based on surveys of between 200 and 2000 subjects and estimate a population frequency of approximately 1 in 4000. 5 6 18 19 These include a molecular reappraisal of the cytogenetic surveys of Turner et al 4 and Webb et al, 3 and in both cases the frequencies given by cytogenetic studies were reduced substantially.
Recently de Vries et al 20 published a large survey in the Dutch population in which they found a prevalence of approximately 1 in 6000 full FRAXA mutations, a figure very similar to the prevalence of 1 in 5500 in our survey, while Crawford et al 18 in a somewhat smaller survey found a prevalence of 1 in 3460 for the general white male population and 1 in 4048 for the African-American male population. However, the 95% confidence intervals for these estimates include the figures estimated by de Vries et al 20 and by ourselves. In any survey that relies on informed consent, it is always possible that because of a personality trait associated with the genotype under study, the condition occurs with a higher frequency among those who did not agree to participate than among those who did. The reverse situation could also occur. This potential source of bias is diYcult to detect and thus impossible to correct. However, it seems reasonable to suppose, based on the weight of evidence currently available, that the population prevalence of FRAXA full mutations is between 1 in 4000 and 1 in 6000.
It is of interest that in our survey we found only three of the 20 FRAXA full mutations to be previously undiagnosed cases, while the remaining 17 were already known to us. This led us to conclude that in our jurisdiction, which has had excellent diagnostic services for some 30 years, the great majority of fragile X full mutations have already been diagnosed. This contrasts with the survey of de Vries et al 20 in which 50% of full mutations were previously undiagnosed.
An estimate for FRAXE prevalence of 1 in 50 000 has been suggested. 21 However, this was not based on direct testing. There are only two large population based surveys in which an estimate of the prevalence of FRAXE full mutations can be based, namely that of Crawford et al 18 and the present report, and it is clear that it is extremely rare. Crawford et al 18 found none among 1866 subjects while we found only 1 among 3731 boys with SEN, giving an estimated population prevalence of 1 in 23 500. Numerous other small surveys of mentally impaired subjects have been reported 19 22-26 and in a total of 3769 tested subjects only two had FRAXE full mutations. Because of the rarity of FRAXE full and premutations, there is no clear description of the associated phenotype. While it is generally agreed that expansions are associated with mild mental retardation in the absence of physical abnormality, the relationship between the retardation and the expansions is not at all clear.
We reported an unexpected excess of intermediate and premutation alleles among the boys in our survey for both FRAXA and FRAXE in the first two years of the study. 10 We continued to show this excess for FRAXA in the last three years of the survey and over the whole study the excess is significant at the 0.001 level. In contrast, the excess shown for FRAXE in the first two years was not seen in the last three years of the survey, although the excess overall is still significant but only at the 0.03 level. As our controls were the X chromosomes of the mothers that were not transmitted to the SEN sons, one formal explanation for our observations would be the preferential transmission of the larger maternal allele to the son. We tested this and found no evidence for any preferential transmission either in the survey population or among the families in which intermediate, pre-, or full mutations were segregating. 27 Thus we conclude that the excess of intermediates and premutations for FRAXA among the boys with SEN may be real and that intermediate and premutation alleles have a deleterious eVect on intellectual performance or behaviour or both. There is now a well established phenotypic eVect of premutation sized alleles, namely premature ovarian failure, 28 so our observation of a second biological eVect of large unmethylated repeats is not without precedent. Unfortunately, we are unable to obtain phenotypic information on the boys with intermediate alleles and therefore are unable at present to define their phenotype.
Since we first published our observations of an excess of intermediate and premutation sized alleles among the boys with SEN, at least four studies have addressed the same problem. In three studies which included White American, Black American, Cypriot, Canadian, and French cases, 18 19 29 no increased frequency of intermediate or premutation alleles was found among retarded males by comparison with the appropriate controls. In the remaining study, carried out in Brazil on relatively small numbers of patients and controls, there was an increased frequency of intermediate and premutation alleles among the impaired males, but this did not reach statistical significance. 30 In the absence of phenotypic data from our population, it is impossible to know whether the differences among studies are the result of diVerent ascertainment criteria or attributable to some other cause. If our results on FRAXA are valid they suggest that the contribution to mental impairment of intermediate and premutation alleles is greater than that of full mutations. While the attributable penetrance of mental retardation among full mutations is 1 and that for intermediate/premutations is much less, the number of the latter is much greater. 27 As we were particularly interested in the stability of transmission of the FRAXA and FRAXE repeats from mother to son, we separated PCR products on an ABI 377 sequencer so that even instabilities of one repeat size could be reliably detected. Among 3020 transmissions for FRAXA we found 21 mutations, of which only one was in the common range and four in the intermediate range. Thus, transmissions of FRAXA repeats, at least from females, seem remarkably stable, although instabilities are approximately 90 times more frequent in the intermediate than the common range. Among 3054 transmissions of FRAXE we found five mutations, three in the intermediate range and two in the premutation range, again showing how stable such transmissions are, especially in the common range.
In conclusion, it is of interest that all full mutations detected by us were in boys attending special schools, although they formed only one third of all boys tested. Thus, it is clear that in our population FRAXA and FRAXE full mutations are extremely rare among boys with SEN who attend ordinary schools. Our data suggest that population screening for FRAXA and FRAXE would not be cost eVective in a population which has been in receipt of comprehensive genetic services for a considerable period. However, in a population in which a significant proportion of FRAXA mutations are undetected, it could be cost eVective to screen a population of boys in special schools, selected on the basis of phenotypic features associated with the FRAXA syndrome, as this is known to make such screening considerably more eVective. 31 We thank the Wellcome Trust for funding this research and Dr James Macpherson and Professor Newton Morton for their stimulating discussions and helpful suggestions. We are very grateful to the community paediatricians and SEN teachers of Southampton, Winchester, East and West Dorset, Portsmouth, and Basingstoke for their valuable help. We also thank the Education Departments in each of the districts for supporting this work and for supplying relevant data. Last but not least we thank the boys and their families for their cooperation.
